Planar normal state resistivity data taken from three families of cuprate superconductors are compared with theoretical calculations from the recent extremely correlated Fermi liquid theory (ECFL) [1].
hole-doped cuprates. This situation has generated an upsurge of often radically new theoretical work on correlated systems in the last three decades, amounting to something like a revolution in condensed matter physics. In these new class of theories the planar resistivity stands at the center [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] , its unusual temperature dependence is most often emphasized.
In this work we bring theory face to face with experimental data on resistivity. We focus on the extremely correlated Fermi liquid theory (ECFL) proposed by Shastry [1, 11, 12] , where a detailed and meaningful comparison has become possible, as explained below. Starting from a microscopic Hamiltonian, the ECFL theory yields the resistivity on an absolute scale with a very few parameters determining the underlying model. The resistivity is calculated starting from the t-t -J model [13, 14, 15] containing four parameters, of which three parameters can be fixed using ARPES and X-ray crystal structure data, thus only one parameter remains undetermined. The theory works in 2dimensions without introducing any redundant degrees of freedom, and therefore the results can be meaningfully tested against data on a variety of cuprates, including both hole-doped and electron-doped cases. §Summary of the ECFL theory:
It seems worthwhile to provide a brief summary of the basic ideas and context of the ECFL theory. The ECFL theory is applicable in any dimension to doped Mott-Hubbard systems described by the tt -J model [13, 14, 15] . This model is obtained from the Hubbard model, by a canonical transformation implementing the large U limit.
The transformation preserves the physics of the strong coupling Hubbard model at the lowest energies. The large energy scale U of the Hubbard model is traded for non-canonical anti-commutation relations between Gutzwiller projected electrons in the t-t -J model. The ECFL theory provides a controlled framework for explicit calculations [1, 11] . In brief, the ECFL theory yields exact functional differential equations for the propagators in the theory. These equations are systematically approximated by implementing an expansion in λ, the coefficient the non-canonical term in the anti-commutator of the Gutzwiller projected electrons. It plays a parallel role to the inverse spin, in the theory of quantum spin systems, i.e. λ ↔ 1
2S
where S = 1 2 , 1, . . .. The current version of the theory [1, 11, 2, 3 ] is valid to O(λ 2 ) and has been benchmarked against other standard techniques for strong coupling in limiting cases of large dimensionality and the single impurity limit [11] . Higher order terms in λ are expected to impact the results outside the regime considered here,
It has been recently applied to several objects of experimental interest such as angle resolved photoemission (ARPES), Raman scattering, optical conductivity and the Hall constant and recently the resistivity [12, 2, 3] .
The resistivity calculations in Refs. [2, 3] were performed for a typical set of model parameters chosen for illustrative purposes. In these works we noted that the resulting resistivities are broadly comparable to experiments in their magnitude and on the scale of temperature variation. In the present paper we push this observation to a more explicit and quantitative level, by comparing the ECFL results of [2, 3] with experiments on a few representative high T c materials with both hole and electron doping. Although broken symmetries of various types are possible within the methodology, we focus here on the properties of the paramagnetic normal state. §Parameters of the model:
The ECFL theory results used here [2, 3] are valid for a quasi twodimensional correlated metal, with separation c 0 between layers. The resistivity in the calculations [2, 3] arises from intrinsic inelastic e-e scattering with the umklapp processes, inherent in the tight binding model, relaxing the momentum efficiently. The (smaller) a and b axis lattice constants cancel out in the formula for resistivity. The theory gives the planar resistivity in the form
where R vK = h e 2 = 25813 Ω, is the von-Klitzing resistance. The (dimensionless) theoretical resistivityρ is a function of the four displayed dimensionless variables. Detailed formulas leading to this expression can be found in Eqs. (45,46) of [2] , and Eqs. (12, 13) of [3] . More precisely δ is the concentration of holes measured from half filling i.e. δ = 1 − n and n = N e N s where N e (N s ) is the number of electrons (copper sites). At δ = 0 (n = 1) the model describes a Mott-Hubbard insulator. We discuss below the exchange parameter J/t, which plays a secondary role at the densities considered here. While three parameters c 0 , δ, T are obtained from experiments directly, ARPES constrains the parameter t /t from the shape of the Fermi surface in most cases.
Given these, the remaining single parameter t fixes the resistivity on an absolute scale. In addition a usually small and T independent (extrinsic) impurity resistance, usually arising from scatterers located off the 2-d planes, must be estimated separately.
In addition to c 0 , the basic parameters of the model are the nearest neighbor hopping t, the second neighbor hopping t , and a superexchange energy J within a a tight binding description of the copper d-like bands. The parameter t plays an important role in distinguishing between hole doped superconductors (t < 0) with a positive Hall constant and the electron doped superconductors (t > 0) with a negative Hall constant. The shape of the Fermi surface is sensitive to the ratio of the bare hopping parameters t /t, if one assumes that interactions do not change its shape very much-this is largely borne out in ECFL theory. For this reason ARPES can most often provide us with a good estimate for this parameter t /t, although t itself is not fixed by knowing the shape of the Fermi surface. We fix J at a typical value 0.17t. At the densities we study here we find that the magnitude of J has a very limited influence on the calculated resistivity, as seen e.g. The lattice structure of the cuprates allows for a systematic change in carrier concentration by chemical substitution of elements situated away from the copper oxide planes, without severely impacting the impurity resistance. The role of block layers or charge reservoirs in hosting the donors away from the copper oxide planes, plays an important role in achieving this property of the cuprates [16, 17] . This feature also provides a useful handle in our analysis, we can access data on families of cuprates that contain a reasonably large range of electron densities. Since the basic parameters of the theoretical model can be assumed unchanged with doping [18] , such a family provides a systematic proving ground for theory. Thus the experimental data used for testing the theory is narrowed down to the available systematic sets of resistivity data on single layer cuprates with varying densities.
In Table. (1) we list the single layer cuprate compounds where data sets with several densities are available. The hole doped LSCO and BSLCO materials are well studied by many authors, and the data set from Ref. ([26] ) used here, reports a very extensive set of densities for each family. This provides us with 11 densities for LSCO in the range 0.12 ≤ δ ≤ 0.22, and 7 densities for BSLCO in the range 0.12 ≤ δ ≤ 0.18 which are essentially within the range treatable by theory. We include recent thin film data on the electron doped LCCO from Ref. ([25] ). Here 4 densities are available in the theoretical range and the very regular ρ ∼ +T 2 type behavior of the data allows for easily eliminating the impurity contribution. For a more balanced representation of the electron doped materials, we included data on NCCO from Ref. ([27] ). The NCCO family contains only two densities in the theoretically accessible range, of which one is impacted by 2-d local-ization effects. It is therefore not as constraining as the other families.
The choice of the above four families of single layer cuprates, with > ∼ 20 sample densities seemed sufficiently representative for our task.
In addition to the above set of materials there are a few others belonging to the single layer class with data provided for several densities. Amongst these we have excluded from our analysis, the mercury compound Hg1201 (HgBa 2 CuO 4+δ ) [19] and the thallium compound Tl2201 (Tl 2 Ba 2 CuO 6+δ ) [20, 21] . In the literature for these compounds, the value of T c for different samples is quoted and one needs to extract the electron density from other measurements, e.g. the Hall constant.
This was hard for the author to achieve, with a required accuracy in density ∆δ ∼ 0.1 necessary for the present analysis.
In Table. (1) we quote the c-axis lattice constant c L taken from x-ray diffraction data. The ratio t /t is taken from angle resolved photoemission (ARPES) experiments on the shape of the Fermi surface, fitted to a tight binding band. In some cases the experimental fits include a small further neighbor hopping as well, we neglect it here since the corrections only fine tune the shapes of the Fermi surface while preserving their basic topology. Theoretical estimates from band structure [22, 23] are roughly consistent with the above experimentally guided choices of t /t. §: Protocol for fixing t and estimating the impurity resistivity:
We determine the magnitude of t for each material by collating a data set consisting of experimental ρ exp (T, δ) points at various densities δ = δ 1 , δ 2 , . . .. From this set we extract the slope of the resistivity
Equating Γ(T Φ ) to the corresponding theoretical slope at T Φ determines the single parameter t. The density is chosen as δ = 0.15 since it is in a regime where the calculation is quite reliable. T Φ is chosen as the midpoint of the temperature range of the data set, so that T Φ = 250K for LSCO and T Φ = 200K for BSLCO and LCCO in the following analysis.
We next need to estimate the T independent impurity contribution to the resistivity at each density ρ imp (δ) for LSCO and BSLCO [24] .
For LCCO the impurity contribution ρ imp has been eliminated by the authors of [25] thereby this task is already done. For the others we shift down the experimental resistivity ρ exp (T Φ , δ) to match the theoretical resistivity, the magnitude of the shift gives us the estimated ρ imp (δ) at each density. We are thus using the relation
. The impurity contribution is displayed in all figures and is a small fraction of the total resistivity in all cases.
In summary fixing the magnitude of t for a data set requires a comparison with experiments at a single density (δ = 0.15) and a single temperature (T = T Φ ). The impurity contribution is estimated at each density at the same temperature T = T Φ . Checking these against data constitutes the essence of the test carried out here. The final two columns in Table. (1) report the fitted value of the single undetermined parameter t. The bare band width is estimated as W∼8 t.
Slightly different choices of the density and T Φ lead to comparable results for t.
Before looking at the results, we make a few comments about the analysis. 
Single Layer High T c Compounds
Material [22, 23] estimates of t /t ratio are quite close to the ones used here, but the estimates of t differ somewhat. It must be kept in mind that the quoted parameter t is the bare one, i.e prior to many-body renormalization.
T. This upturn has been discussed extensively in literature [26, 27] and also manipulated with magnetic fields [28] . Since the ECFL theory excludes any strong disorder effects, we do not expect to capture these in the fits.
For LCCO the digital data was kindly provided by the authors of [25] . For the other data sets studied here the published resistivity data was digitized using the commercial software program DigitizeIt [29] . We found that the program works quite well provided the experimental curves do not overlap or cross. This feature limited our data extraction to some extent, as the reader might notice from the low temperature truncation in the experimental data in the figures presented below.
We next describe the comparison for different systems. §LSCO:
In Fig. (1) (a,b) and Fig. (2) (a) the extensive dataset from [26] FIg. 2(b) is compared with theoretical predictions. The parameters in Table (1 (2)). The resistivity at every density in this plot and in Fig. (2) is then predicted by the theory. can be treated as having a filling greater than half. One can perform a standard particle hole transformation to map it back to less than half filling, but this process flips the sign of all hopping matrix elements.
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While the nearest neighbor hopping t can be flipped back to the standard (positive) sign using a simple unitary transformation exploiting the square lattice geometry, the second neighbor hopping t is now positive and the Fermi surface is electron-like.
On the materials side, the available data on NCCO [27] (see Fig. (9b) )
is relatively sparse in the metallic range containing only two samples.
One of these is afflicted with strong disorder effects at low T. In Fig. (4) we compare the data from Y. Onose et. al. [27] with theory. While the density δ = .15 is perfectly matched with theory, the lower density δ = .125 curve shows a distinct upturn at low T, as discussed in [27] . A systematic treatment of strong disorder effects in the ECFL theory is currently missing.
The data on LCCO [25] gives us four densities within the range covered by theory. In the absence of ARPES data we chose t /t = 0.2, i.e. the same value as in NCCO. We have verified that nearby values to t /t lead to a similar quality of fits after adjusting the parameter t,
and hence this choice not final. The authors conveniently present the resistivity in Fig. 2(b) of [25] requiring no further impurity corrections. In Fig. (5) we compare theory and experiment, and in Fig. (6) (c) we present the theoretical resistivity on an extended T scale at several densities. The discrepancy in LCCO between theory and experiment at δ = 0.17 at T=200 is ∼ 0.01, and is quite visible. However we should keep in mind that at corresponding densities the absolute scale of the resistivity for LCCO is considerably smaller than that for LSCO and BSLCO. This can be seen in Fig. (2) and Fig. (3) . As a conse-quence a similar scale of absolute error leads to a much larger relative error. Fig. 9(b) , and solid (blue) curve is the theoretical curve with t /t = +0.2. The parameter t = 0.9 eV was fixed using the slope of the δ = 0.15 data at 200K. The data set contains only these two densities within the range accessible to theory. The upturn in the lower density curve and the larger magnitude of impurity resistivity is due to strong disorder effects, as already noted in [25] . The sign of t /t is reversed between this figure and Fig. (1) for LSCO, while other parameters c 0 , t are essentially unchanged. Both the experimental and theoretical resistance display a resistance with a positive upward curvature ( i.e. ρ ∼ +T 2 ). §Discussion:
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We have presented a comparison of theoretical resistivity with extensive data on three families of cuprate superconductors. It is also feasible to fit data on non-cuprate strongly correlated systems such as Sr 2 RuO 4 from [36] , where data over a large range T ≤ 1000 is available. However data is available at only one composition in this case, and the value of t /t is hard find from experiments. Since a single density within a family does not test the theory stringently, we omit the comparison here.
Overall we have shown that the ECFL theory gives a reasonable account of data in the three families discussed above. A small number of parameters taken from experimental data fix the model completely.
It is encouraging that the resulting resistivity affords a reasonable fit to a collection of resistivity data at various densities, both in terms contribution in this data set has been removed by the authors in [25] . The theoretical curve is in solid blue, with t /t = +0.2. The hole density is marked at the top in each plot. The parameter t = 0.76 eV was fixed using using Γ(T Φ ) the slope of the resistivity at δ = 0.15,
(2)). The sign of t /t > 0 is common to NCCO and reversed from that in LSCO and BSLCO. Both experiments and theory find a resistance with a positive curvature ( i.e. ρ ∼ +T 2 ), as in NCCO. This is in striking contrast to LSCO and BSLCO as seen in Figs. (1,2) Figure 6 : Theoretical resistivity curves for LSCO, BSLCO and LCCO over an extended temperature range. In going from LSCO with BSLCO c 0 , i.e. the separation between the layers, is almost doubled while t /t changes only slightly. The resistivity at a comparable (δ, T) here, and also in the data, changes by a smaller factor than c 0 . In order to reconcile with this feature of the data, the deduced hopping parameter t is greater by ∼50% for BSLCO relative to LSCO. The distinct T dependence of LCCO relative to the other two systems is striking. Additionally it is noteworthy that the intrinsic resistivity of the electron doped LCCO is considerably smaller than that of the hole doped LSCO. Since these have roughly the same c 0 , t, |t /t| values, the difference is attributable to the different sign of t /t. of the T dependence and its magnitude. It is also encouraging that upon using different model parameters, the same calculation fits the resistivity of both hole doped and electron doped materials.
In Fig. (6) we display the theoretical resistivities on a larger T scale and for more densities, using parameters of the three families separately. We found that the data is fit almost equally well by making nearby choices of the pair t /t and t. The differences between different choices do exist and show up but only at higher T, especially in the location of subtle kinks of the sort seen in Fig. (6) . §: Conclusions:
From the above exercise it appears that the extremely correlated
Fermi liquid theory has the necessary ingredients to explain the variety of data seen in the above materials. Other materials, some of them with higher number of layers, do display further subtle features which are missing in the theory. However these features are also missing in the displayed data from the above materials. We have thus made a fair beginning with the above "standard" cuprate materials, but further challenges from more complex behavior are to be expected.
A few comments on the results and their implications are appropriate. Let us first discuss the holed doped materials. Here the quasilinear resistivity seen near δ∼0.15 is remarkable, as noted by many authors. We should also pay attention to the underlying suppression of scale. By this we refer to the fact that the temperature scale of resistivity variation is as low as ∼100-300 K, starting from a bare band width of almost 10eV. The three orders of magnitude reduction in scale is non-trivial, reminiscent of the emergence of the low energy Kondo scale in magnetic impurity systems. Starting from wide energy bands with a width of ∼ 10eV, the ECFL theory systematically generates low energy and temperature scales, a few orders of magnitudes smaller than the bare ones [1, 11, 12] . The low energy scales depend sensitively on the density and a few other parameters, especially the sign and magnitude of t /t.
A major part of this scale suppression is due to the small quasiparticle weight Z < ∼ 0.1 at relevant densities that arise in the theory [1, 2, 3] . More physically we can attribute this suppression to the profound role of Gutzwiller projection on the electron propagators near the Mott-Hubbard half filled limit. It is captured to a good extent by the ECFL theory, and is visible in the detailed structure of the electron spectral functions [1, 3, 2] For the electron doped materials, it is interesting that the theoretical resistivity matches experiments essentially as well as for the hole doped materials. The two classes of materials have the opposite sign of the parameter t /t, which is disconnected from the extent of correlations. This finding has a bearing on the frequently debated topic of the Fermi liquid nature of electron doped cuprates. The ECFL theory says that both hole doped and electron doped systems are (extremely correlated) Fermi liquids at the lowest temperature. Additionally the theory quantifies the range of T where a Fermi liquid type behavior ρ ∼ T 2 holds good. Going further it also identifies regimes succeeding the Fermi liquid [38, 1, 11, 37, 2, 3] upon warming.
In order to better understand the origin of the difference between hole and electron doping within the theory, the following observation may be helpful. It is known that the sign and magnitude of the parameter t /t directly influences the magnitude of the already small quasiparticle weight Z (see Fig. (1) of [2] ). A positive t /t leads to a small Z, while a negative t /t leads to an even smaller but non-vanishing As a crosscheck on the theory, it should be interesting to compare other physical variables with data for the systems considered here, using the deduced parameters. Finally we should note that future technical developments in the implementation of the ECFL theory are likely to refine some of the theoretical results presented here. §Acknowledgements:
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